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Abstract

Biomaterials are extensively used to restore damaged tissues, in the forms of implants (e.g. tissue
engineered scaffolds) or biomedical devices (e.g. pacemakers). Once in contact with the
physiological environment, nanostructured biomaterials undergo modifications as a result of
endogenous proteins binding to their surface. The formation of this macromolecular coating
complex, known as “protein corona’, onto the surface of nanoparticles and its effect on cell-
particle interactions are currently under intense investigation. In striking contrast, protein corona
constructs within nanostructured porous tissue engineering scaffolds remain poorly characterized.
As organismal systems are highly dynamic, it is conceivable that the formation of distinct protein
corona on implanted scaffolds might itself modulate cell-extracellular matrix interactions. Here,
we report that corona complexes formed onto the fibrils of engineered collagen scaffolds display
specific, distinct, and reproducible compositions that are a signature of the tissue
microenvironment as well as being indicative of the subject's health condition. Protein corona
formed on collagen matrices modulated cellular secretome in a context-specific manner ex-vivo,
demonstrating their role in regulating scaffold-cellular interactions. Together, these findings
underscore the importance of custom-designing personalized nanostructured biomaterials,
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according to the biological milieu and disease state. We propose the use of protein corona as /in
situbiosensor of temporaland /ocal biomarkers.
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1. Introduction

The surface of nanostructured biomaterials (e.g. nano particles, tubes, and capsules) is
covered by various types of macromolecules (e.g. proteins), upon their entrance to the
biological fluids.[2~3] The absorption of these biomolecules onto biomaterial surfaces might
confer them a new * biological identity’I14-61 Therefore, in reality what the cells ‘see’when
interacting with implanted constructs is the protein coated nanostructures (so called ‘ protein
corona’) on their surface, rather than the pristine materials.[37] These protein constructs
consist of Aard corona (the irreversibly-bounded proteins) and soft corona (a dynamic
exchange of proteins between the biomaterial surface and media).[®] Accordingly, once
administered /in vivo, the biological fate of biomaterials could be defined by the type and
amount of the associated proteins in the composition of the protein corona.[2:9] For instance,
negatively charged, poly(acrylic acid)-conjugated, gold nanoparticles can bind to fibrinogen
and change its conformation. This new surface can promote interaction of nanoparticles with
the integrin receptor and, consequently, release inflammatory cytokines.[®] The composition,
conformation, and the quantity of the proteins constituting the corona medium are strongly
dependent on factors including physicochemical properties of biomaterials,[10] incubation
temperaturel11.12] and time,[13] protein source,[4! and protein concentration.[24]

Although the formation of protein corona at the surface of various nano biomaterials has
been investigated,[1:19] there is yet no report on the development of such protein constructs
onto nanostructured porous scaffolds and their physiological implications in diverse tissue
engineering applications. In addition to serving as a mechanical support, an optimal tissue
engineering scaffold also provides an ‘ informative” biomimetic environment for the cells to
direct them towards the targeted tissue regeneration pathway(s).l*>-18] Whereas a significant
amount of research has been conducted on the communications between various cells and
scaffolding systems,[29-22] |jttle is known about how the numerous macromolecules
(proteins) existing in the biologic media may interact with the implanted biomaterial and its
potential effects on the scaffold function. Thus, evaluation of protein corona, formed onto
the scaffolds /n vivo, may offer a greater understanding of the host tissue response to the
implanted biomaterials.

In this study we examined the formation of the protein corona and cell interactions with
protein corona, using an /n vitro-reconstituted, type | collagen gel scaffold both /n vitroand
in vivo (Figure 1). The composition and the structure of the protein corona were probed
under various physiologic conditions, including grafting onto the heart and subcutaneous
muscle tissues in several murine disease models.
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2. Results and Discussion

Upon their entrance to the body, the surface of biomaterials will be covered by a ‘protein
corona’ consisting of a wide variety of biomolecules.[!45] The way cells interact with the
scaffold biomaterial strongly depends on the patch-biologic media interactions.[23.24] This
study examined the formation of the protein corona onto collagen matrices in various protein
environments (Figure 1). We tested the hypothesis that adsorption of various
macromolecules, secreted/existing in the local biologic microenvironment, onto the patch
biomaterial can be used to analyze the cardiac secretome in normal tissue and during injury,
such as myocardial infarction.

2.1. Gel Electrophoresis Analysis of the Hard Protein Corona Formed on Collagen
Scaffolds in Vitro

Patch incubation in various /n vitro protein media (FBS, and C57 mouse serum and plasma)
demonstrated significant differences in the composition and band intensities of protein
corona adsorbed on the fibrous scaffold under varying conditions (Figure 2A-C). Semi-
quantitative densitometry was utilized to further assess the relative amounts of proteins
classified by molecular weight (20-50, 50-100, and 100-250 kDa) (Figure 2D),
demonstrating significant variations in the protein pattern of scaffold sard coronas. The most
striking observation was the association of low molecular weight proteins (Mw<50 kDa) in
the corona composition of C57 plasma samples (with protein concentrations of 50% and
100%) (Figure 2D). The coagulation proteins (e.g., fibrinogen-based proteins) can be
responsible for the observed difference of protein profiles from plasma and serum sources.
These results were in agreement with our previous findings, demonstrating the variation of
protein coronas formed on the surface of superparamagnetic iron oxide nanoparticles
incubated in plasma versus serum.[4]

Incubation in 10% plasma/serum resulted in relatively smaller amount and compositional
range of associated proteins in the corona structure, when compared with those formed in
50% and 100% plasma/serum (Figure 2A-D). Higher plasma/serum concentrations yield
greater amount of proteins with relatively higher affinity to the biomaterial surface, while the
exposed surface remains constant. This results in formation of a thicker, multi-layer protein
corona at elevated plasma/serum concentrations, which in turn, leads to entrapment of a
number of excess proteins within the multi-layer structure.[4]

Scanning electron microscopy (SEM) demonstrated the adsorption of various biologic
molecules onto the patch and its effect on the fibrillar structure of collagen /in vitro (jagged
fibrillar surface) (Figure 2E-F).

2.2. Mass Spectrometry — Heatmap Analysis of the Hard Protein Corona Formed on
Collagen Scaffolds in Vitro

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to identify the

common and unique proteins adsorbed onto the collagen matrices /n vitro (Figure 3). Their
abundances were plotted as a heatmap (Figure 3A) and the shared and unique proteins from
each media were identified (Figure 3B). As expected, highly abundant blood proteins were
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common to all conditions, such as serotransferrin, serum albumin, complement C3, and
hemopexin (beta-1B-glycoprotein). However, serum yielded more unique corona proteins
(e.g. Ighgl, Orm1l and 2, Ambp, and Apoa proteins) than those found in plasma, suggesting
that factors in the plasma prevented the attachment of serum proteins to the scaffold. Greater
number of unique proteins in serum versus only one in plasma can be related to the fact that
serum is considered as plasma without clotting factors, which suggests that proteins may be
able to attach to the scaffold in serum condition more readily than the plasma environment.

2.3. Gel Electrophoresis Analysis of the Hard Protein Corona Formed on Collagen
Scaffolds in Vivo

Protein profiles of the collagen patches were also evaluated /77 vivo, in wild type and
immunodeficient (SCID) mice, and in control (sham) and after myocardial infarction (MI).
Patches were inserted in two locations: on the epicardial surface of the heart and in
peripheral (subcutaneous) muscle. SDS-PAGE analysis of the extracted patches identified
patterns of protein complexes within the fibrillar constructs which were dependent both on
the tissue type and physiologic conditions (Figure 4). Proteins with mid-range molecular
weight (red bars, 50-100 kD) exhibited the greatest band intensities in all conditions. Band
intensities declined continuously by subsequent rinses (from PBS1 to 3) (Figure 4B).

2.4. Mass Spectrometry — Heatmap Analysis of the Hard Protein Corona Formed on
Collagen Scaffolds in Vivo

Heatmap visualization of spectral counts of proteins detected by LC-MS/MS was generated
by Hierarchical Clustering using total protein spectral count with global normalization
(Figure 5A). The common serum proteins (serum albumin, serotransferrin, serpin family
proteins) and abundant blood cell proteins (hemoglobins) accounted for the majority of the
detected proteins and the overall pattern of detection was similar between the four different
conditions. These housekeeping proteins were subsequently subtracted by normalization of
the individual protein content in each condition, to highlight the differential detection of
proteins (Figure 5B). Individual protein spectral counts are listed in Supplementary Tables
S1-20. The majority of the proteins negatively regulated in the SCID condition were
components of immunoglobins that are not produced in SCID mice. The absence of
immunoglobin-affiliated proteins in the corona structure in the immunodeficient mice
suggests that the collagen scaffold representatively captured its surrounding proteins and the
corona faithfully recapitulated the /n vivo environment that it was embedded into. This may
occur due to the significant reduction in the concentration of the immunoglobin proteins in
the immunodeficient mouse and their consequent affinity changes (reduction) to the surface
of nanostructured scaffold [25.26],

Grouping the protein counts by WT vs. SCID, heart vs. subcutaneous muscle, and Ml vs.
sham, produced a comparison of altered proteins in the designated groups (Supplementary
Table S1) and the top altered biological processes generated through gene ontology (Figure
5C). Most highly changed biological processes in SCID vs. WT are related to the immune
system, including all immunoglobin proteins, validating that the corona from the scaffold
faithfully represented its interacting biologic environment. In the case of Ml vs. sham our
analysis demonstrated the involvement of reactive oxygen species and oxidative stress to be
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a main biological change during the first two hours after ischemic injury. In particular, Prdx
family genes (Prdx1, 2, 6) were specifically enriched in the MI corona, suggesting the
notable presence of these novel peroxidase enzymes in the infarct area. Cytoskeleton
organization and muscle system process were among the top changes between heart and
subcutaneous muscle, suggesting that tissue specific cells were also attracted to the scaffolds
and hence, various intracellular proteins (e.g. Actn2, Actn4, and Tubada, Supplementary
Table S1) abundantly existed in the corona (Figure 5C).

To probe the biosensing capability of the collagen patches, the most enriched proteins
binding to scaffolds from /n vivo data were defined (Supplementary Figure S1). Based on
KEGG pathway analysis of significant proteins binding to collagen, we found that the
complement and coagulation cascades were the most enriched pathways involved in binding
to the collagen patch.

2.5. Assessment of Cell-Biomaterial Interactions in the Presence of Protein Corona

To assess how cells will react to the different protein coronas formed on the collagen
patches, human umbilical vein endothelial cells (HUVECSs) were cultured onto the matrices
extracted after 2-hour /in vivo implantation (Figure 6). Cells showed a normal (healthy)
morphology when attached to the fibrillar corona-coated matrices (scanning electron
microscopy, Figure 6A). The number of HUVECs attaching to the sham—collagen substrate
was qualitatively greater than those attached to MI matrices. Cells cultured on MI versus
healthy sham patches showed changes in morphology, with a relative increase in cell surface
roughness (jagged cell membrane).

To determine the effect of protein corona—coated matrices on cell metabolism,
AlamarBlue™ reduction was determined following 24 hrs of culture (Figure 6B). In
comparison to the 2D control culture and sham-incubated patches, HUVECs cultured on
either 3D patches without corona or MI — incubated patches exhibited significantly reduced
metabolic activity (P < 0.05). We further analyzed the pattern of cytokine production
(Luminex Immunoassay) of the HUVEC cells after incubation for 24 hrs with control patch
(with no protein corona) and different corona coated-patches (incubated in sham heart, sham
muscle, MI heart, and MI muscle) (Figure 6C and Supplementary Figure S2). Considerable
substrate-dependent differences were observed in the release of positively-detected
cytokines, including those related to the inflammatory response (e.g., Interleukin-6 (1L6),
IL8, monocyte chemotactic protein 1 (MCP1), and tumor necrosis factor beta (TNFB)), cell
adhesion properties (e.g., vascular cell adhesion protein 1 (VCAML)), and fibrinolysis (e.g.,
plasminogen activator inhibitor-1 (PAI1)). HUVECs cultured on the patches extracted from
MI heart released greater levels of 1L22, 1L23, and IL6, in comparison with those from sham
heart (Figure 6C, panel a). In contrast to the heart tissue, sham muscle induced greater levels
of cytokine release in comparison to MI muscle (Figure 6C, panel b).

Among the pool of proteins in the plasma, it is well recognized that unfolded fibrinogen has
a crucial role in activation of the integrin receptor (Mac-1 pathway), through its C-terminus
of the y chain.” Our LC-MS/MS results confirmed that there are significant variations in
fibrinogen concentration in the corona compositions of different patches (Supplementary
Tables S1-20 and Figure S2). Therefore, one can expect that the observed changes in the
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inflammatory cytokines could be occurring due to the different decoration of fibrinogen in
the corona composition of the patches.

The monocyte chemotactic protein 1 (MCPL1) is another inflammatory cytokine that recruits
immune cells (e.g., monocytes, T cells, and dendritic cells) into injured tissuel27],
Interestingly, the secretion of MCP1 from HUVEC cells after interaction with various
corona coated-patches was significantly higher than the control patch, indicating the
effective and accurate role of the corona coated-patch in reflecting the injured tissue
microenvironment. In addition, patches obtained from MI heart tissue (with a great level of
tissue damage), had the greatest amount of MCP1 compared to the other tissues. It has been
shown that the amount of plasminogen activator inhibitor-1 (PAI1) cytokine, an inhibitor of
fibrinolysis (the process that degrades blood clots[28]), is significantly increased after M1.[2°]
Accordingly, the greatest amount of secreted PAI1 we observed was in the supernatant of
HUVEC cells interacted with MI heart tissue patch corona.

The cardiac secretome has recently generated substantial interest as new high-throughput
methods for detecting small changes in secreted proteins have been developed.[30-33] The
secretome can be utilized to detect new signaling pathways associated with cardiac
pathology and therefore new drug targets, as well as to search for novel biomarkers,[34:3%]
which could then potentially be detected in the plasma. However, current techniques used in
animal models such as pericardial fluid analysis[3¢] or plasma sampling have significant
limitations. Our results demonstrate the use of a nanostructured collagen-based scaffold as
an /n situ biosensor in the studies of various disease biomarker discovery, to directly detect —
and collect — the diverse macromolecules that are present (even transiently) in the tissue
microenvironment. In terms of its potential clinical application, catheter-based techniques
can be used to deliver and apply the biosensor patch system to the target tissue/organ.

3. Conclusion

In summary, we demonstrated the formation of complex protein shells onto fibrillar tissue
engineering constructs when they were introduced into various biological environments. The
protein corona composition was shown to be a function of tissue type and health condition.
Moreover, the interaction between corona-coated collagen matrices with endothelial cells
demonstrated a significant effect on cell morphology, viability and metabolism, as well as
the cytokine profile released by cells. Evaluating the potential of such fibrillar scaffold
systems to serve as a /ocal biosensor/collector would further enable the study of the
expression of various emerging biomarkers for different diseases, at the cellular and tissue
levels.

4. Experimental Section

Preparation of collagen patch

Hydrated collagen gels were fabricated by adding 1.1 ml of 12X DMEM (Sigma, MO, US) to
0.9 ml of sterile, rat tail-derived, type I collagen solution (in acetic acid, 3.84 mg/ml,
Millipore, MA, US) and neutralizing by 0.1 N NaOH in a drop-wise manner.[16:37-39] For
the entire patch preparation process, collagen solution was kept on the ice (4°C) to prevent
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premature polymerization of the collagen.[4%] The collagen solution (0.9 ml) was
subsequently cast into the wells of 24-well plates (d=15.6) and placed in a tissue culture
incubator for 30 mins at 37°C for polymerization. Thereupon, highly hydrated collagen gels
with poor mechanical integrity were produced.[41-43] To improve the hydrogels physical
stability, hydrated collagen gels underwent plastic compression (as previously
described[37:41:431), Briefly, cast collagen gels were removed from the well (used as mold)
and transferred to a porous substrate comprising (bottom to top) paper layers, a steel mesh,
two polymer meshes, and two fabric meshes (Figure 1A). By applying a static compressive
stress of 1400 N/m? to the scaffold, for 5 minutes, the excess fluid was expelled out of the
construct, yielding a dense biomaterial (Figure 1B) with improved biomechanical
properties.[16:38:44] Compressed collagen sheets (used as collagen patch) were then
transferred to and rinsed in PBS (using the fabric mesh) before incubating in various media.

Extraction of protein corona in vitro

Collagen patches were incubated at different concentrations (10%, 50%, and 100%) of
various protein sources including FBS, C57-serum, and C57-plasma. Scaffolds were
immersed in 1ml of protein solution (in 24 well plates) and incubated for 2 hrs in the tissue
culture incubator (37°C - 5% CO,). Following the incubation in protein source, the
supernatants were completely removed and the patches were extensively washed with PBS
(3 times, 5 mins each, on the shaker), in order to dislodge loosely attached proteins (aka,
‘soft corona’) from the 3D structure of the patch. Subsequently, to remove the more strongly
attached proteins (aka, ‘ hard corona’) from the collagen constructs, patches were immersed
in 1ml of trypsin (0.05%, HyClone 1X, SH40003.12) for 5 mins and the supernatants were
collected. The obtained solutions were used for gel electrophoresis and mass spectroscopy
analysis.

Mouse model of myocardial infarction — patch implantation

All procedures involving animal use, housing, and surgeries were approved by the Stanford
Institutional Animal Care and Use Committee (IACUC). Animal care and interventions were
provided in accordance with the Laboratory Animal Welfare Act. Male, 10-13 weeks old,
wild type (C57BL/6J) and severe combined immunodeficiency (SCID Beige) mice were
purchased from Jackson Laboratories (Bar Harbor, ME, USA) and studied in four different
groups: 1) healthy myocardium, I1) myocardial infarction (Ml), 111) immunodeficient mouse
with healthy myocardium, and IV) immunodeficient mouse with MI. In each group, the
patch was grafted onto both the epicardium and the extra-thoracic subcutaneous muscle
(Figure 1B, n=4 per group). Mice were anesthetized utilizing an isoflurane inhalational
chamber (2%). This was followed by endotracheal intubation using a 20-gauge angiocatheter
(Becton, Dickinson Inc., Sandy, Utah) that was connected to a small animal volume-control
ventilator (Harvard Apparatus, Holliston, MA). A left thoracotomy was performed via the
fourth intercostal space and the lungs retracted to expose the heart. For the mice with M,
once the pericardium was opened, a 7-0 suture was placed to ligate the left anterior
descending artery (LAD) approximately 2 mm below the left atrial appendage. Criterion for
occlusion success was an immediate color change in the left ventricular (LV) anterolateral
wall (red turning to pale gray). In each animal group, two prepared collagen patches were
implanted: 1- one patch was sutured (at two points) onto the ischemic/healthy myocardium,
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and 2- another patch was placed onto the subcutaneous muscle (no suture), after closing the
intercostal space (Figure 1B). The incision was then closed and animals were kept on a
heating pad until they were extubated and recovered.

Extraction of protein corona in vivo

Two hours after patch implantation into the various mice groups, the animals were scarified
and the patches were extracted from heart and muscle tissues. The extracted collagen
scaffolds were then briefly rinsed with saline (20 secs) to remove the blood and nonattached
residues. To obtain the /n vivo profile of (sof?) protein corona complexes formed on the
patches, patches were extensively rinsed with PBS (3 times, 5 mins each, on the shaker), and
supernatant solutions were collected for further analysis. The patches were then immersed in
1ml of trypsin (0.05%) for 5 mins for removing the attached proteins with higher affinities
(hard corona).

Sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-PAGE)

Supernatant solutions obtained from various rinsing steps described above were separately
mixed with loading buffer [62.5 mM Tris-HCL pH 6.8, 2% (w/v) SDS, 10% glycerol, 0.04M
DTT and 0.01% (w/v) bromophenol blue], followed by boiling for 5 minutes at 100°C. An
equal sample volume was loaded in 12% gel polyacrylamide gel. Gel electrophoresis was
performed at 120V, 400 mA for ~60 minutes each, until the proteins neared the end of the
gel. The gels were stained with silver staining kit. Gels were then scanned using a calibrated
densitometer scanner (Bio-Rad Molecular Imager Gel Doc XR+ Imaging System) and gel
densitometry was performed using image J (1.410).

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

Proteins adsorbed on the collagen scaffolds were digested using Filter-Aided Sample
Preparation (FASP) method.[4?] Proteins reduction and alkylation were carried in presence
of 8 M urea on filter by adding DTT (10 mM final concentration) and incubating at 32°C for
60 minutes using thermo-mixer set on 800 rpm. lodoacetamide was added (to 30 mM final
concentration) and proteins were alkylated for 20 minutes at room temperature, in the dark
and on thermo-mixer set at 800 rpm. Mass spectrometry grade trypsin (Promega) was added
(1:50 ratio) for overnight digestion at 32°C on thermo-mixer. After digestion and peptide
elution, formic acid was added to the peptide solution (to 1%), followed by drying the
sample to 150 uL and desalting by peptide microtrap (Michrom-Bruker, TR1/25109/02).
Desalted peptides were resuspended in 50 pL of 5% ACN in 0.1% Formic Acid/Water;
followed by on-line analysis of 20% of total digests by high-resolution, high-accuracy LC-
MS/MS, consisting of a Michrom 1D HPLC, a 15-cm Michrom Magic C18 column, a
captive spray Michrom source and LTQ-Orbitrap Velos Pro with ETD (Thermo Fisher
Scientific). A 45-minute gradient of 10-30%B (0.1% formic acid, 100% acetonitrile) was
used to separate the peptides. The LTQ-OrbiTrap Velos Pro was set to scan precursors in the
OrbiTrap followed by data-dependent MS/MS of the top 10 precursors and a column heater
set to 27°C during the LC-MS/MS runs.

Sorcerer Enterprise v.3.5 release (Sage-N Research Inc.) with SEQUEST algorithm was
used as the search program for peptide/protein identification. SEQUEST parameters was set
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to search the target-decoy ipi.MOUSE.vs3.73 and ipi.BOVINE.vs3.72 fasta protein
database; containing protein sequences using trypsin for enzyme with the allowance of up to
2 missed cleavages, Semi tryptic search and precursor mass tolerance of 50 ppm.
Differential search included methionine oxidation (16 Da) and cysteines
carboxyamidomethylation (57 Da). The search results were viewed, sorted, filtered, and
statically analyzed by comprehensive proteomics data analysis software, Peptide/Protein
prophet v.4.02 (ISB). In this study, the trans-proteomic pipeline (TPP) protein minimum
probability was set to 0.95, to assure very low error (much less than FDR 1%) with
reasonably good sensitivity. The differential spectral count analysis was done by QTools, an
automated differential peptide/protein spectral count and Gene Ontology analysis tool.[46]

To determine the total number of the mass spectra for the all peptides attributed to a matched
protein, a semi-quantitative assessment of the protein amount was conducted through
application of the spectral counting (SpC) method by applying the following equation:

(25)
NpSpCr= (%) x 100
2=t ('(wa)i) Equation 1

Where NpSpCy is the normalised percentage of the spectral count for protein &, SpCis the
spectral count identified, and M, is the molecular weight (in kDa) of protein 4.

Scanning electron microscopy (SEM) of patch-corona

To investigate the ultrastructural changes in the collagen scaffolds as a result of interaction
with the biologic milieu, patches pre- and post- incubation with biologic media were
analyzed using scanning electron microscopy (Zeiss Sigma field emission microscope,
FESEM, Carl Zeiss Microscopy, NY) operated at 1-2 kV, using InLens SE detection.
Collagen scaffolds were fixed by immersion in 4% paraformaldehyde solution overnight and
washed twice with 0.1 M sodium cacodylate buffer (pH 7.4) and then post-fixed in 1%
aqueous osmium tetroxide (OsQ,4) for one hour. Samples were then washed twice in purified
water and dehydrated in an increasing ethanol solution series (50, 70, 90, and 100%, 2 x 15
mins each). Finally, the specimens were critical-point dried (CPD) in liquid CO,, in a
Tousimis 815B critical-point dryer (Tousimis, MD). CPD-dried samples were mounted on
standard SEM stubs with adhesive copper tape and sputter-coated with 4 nm of Au/Pd in a
Denton Desk 1l machine (Denton Vacuum, NJ).

Cell culture and metabolic activity assay

Human umbilical vein endothelial cells (HUVECs) were plated (at a density of 100,000
cells/ml) onto the collagen matrices obtained following 2-hr incubation with different
biologic media and were cultured in CS-C medium (Sigma, MO, US) supplemented with
10% Fetal Bovine Serum (FBS, Sigma) in a humidified incubator at 37°C using 5% CO,.
AlamarBlue™ (Invitrogen Inc., Carlsbad, CA) was used to measure the metabolic activity of
HUVEC:s as an indicator of cell viability and growth. Following 24 hrs of culture, the
medium was renewed and AlamarBlue™ reagent was added to each well at 10% of the
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culture volume. Samples were then incubated at 37°C for 4 hrs. Acellular scaffolds were
used for background reference subtraction. The absorbance of 100 puL of medium was read
at 550 and 595 nm using a microplate reader (Cytation 3 Cell Imaging Multi-Mode Reader,
BioTek Instruments, Inc., VT, US) and the percentage of reduced AlamarBlue™ was
calculated according to the manufacturer's instructions.

Luminex — eBiosciences/Affymetrix Magnetic bead Kit

This assay was performed in the Human Immune Monitoring Center at Stanford University.
Patch without cells was used as background signal. Values smaller than background were
considered as negative and omitted. Moreover, mouse cytokines that were cross-reactive
with human panel were disregarded. Median florescence intensities of 63 human cytokines
were probed in the supernatant culture media of the HUVEC cells after incubation for 24
hrs. Human 63-plex kits were purchased from eBiosciences/Affymetrix and used according
to the manufacturer's recommendations with modifications as described below. Briefly,
beads were added to a 96-well plate and washed in a Biotek ELx405 washer. Samples were
added to the plate containing the mixed antibody-linked beads and incubated at room
temperature for 1 hr followed by overnight incubation at 4°C with shaking. Cold and Room
temperature incubation were performed on an orbital shaker at 500-600 rpm. Following the
overnight incubation, plates were washed in a Biotek ELx405 washer and then biotinylated
detection antibody added for 75 mins at room temperature with shaking. Plate was washed
and streptavidin-PE was added. Following incubation for 30 mins at room temperature, wash
was performed as above and reading buffer was added to the wells. Each sample was
measured in duplicate. Plates were read using a Luminex 200 instrument with a lower bound
of 50 beads per sample per cytokine. Custom assay Control beads by Radix Biosolutions
were added to all wells.

Statistical analysis

The number of samples (77) used in each experiment is noted in the text. Dependent variables
are expressed as means + SEM. The differences in the means were tested using ANOVA and
Student T-test to check for statistical significance (P < 0.05).
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Figure 1.
Schematic illustration of the patch-corona study; A: Plastic compression of highly hydrated

collagen gels was used to generate a dense fibrillar scaffold structure (i.e. collagen
patch).[3844] The panel on the right shows scanning electron microscopy of the collagen
patch fibrillar ultrastructure. B: Collagen scaffolds were incubated in different biological
environments including i: fetal bovine serum, and C57 mouse serum and plasma, /n vitro, ii:
onto the sham (healthy) or myocardial infarcted (M) heart tissue in C57 mouse, /n vivo, and
iii: onto the subcutaneous muscle tissue in healthy or Ml C57 mouse, /n vivo. C: two hours
post incubation under each condition (i-iii), patches were removed and the protein coronas
formed onto the scaffold were analyzed using SEM, SDS-PAGE, LC-MS/MS, and Luminex
(human cytokines) immunoassay.
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1D SDS-PAGE hard-corona protein profile for collagen patches incubated with various
concentrations of (A) FBS, (B) C57 mouse serum, and (C) C57 mouse plasma proteins. The
molecular weights (KDa) of the proteins in the standard ladder are reported on the left for
reference. D: Histogram demonstrating the total band intensity of proteins recovered from
various corona patches in (A-C). E-F: SEM images of the collagen patch before (E) and
after incubation /n vitro (in C57 plasma, F) confirming the adsorption of various protein
macromolecules onto the collagen fibrils.
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Shared proteins

Trf Serotransferrin C3 complement C3
Alb Serum albumin Hpx hemopexin precursor
C3 complement C3 Fn1 fibronectin

Unique proteins in C57 serum
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Igh-6 Ig mu chain C region secreted form
Gm10883

Cp Putative uncharacterized protein

Orm2 Alpha-1-acid glycoprotein 2

Orm1 Alpha-1-acid glycoprotein 1

Ambp Protein AMBP

Apoa4 apolipoprotein A-IV precursor

Cfd Isoform 2 of Complement factor D
D130043K22Rik Uncharacterized protein KIAAO319
Cfb complement factor B isoform 1
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A: Heatmap data visualization of spectral counts of the associated proteins in the corona
compositions of various /n vitro conditions (C57 mouse serum, C57 muse plasma, and FBS),
obtained by mass spectrometry. B: Table lists the proteins shared by C57 serum, plasma and
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A-D: 1D SDS-PAGE hard-corona protein profile for collagen patches incubated /77 vivo, in
WT C57 BL/6J mice, under healthy heart (A and B) and myocardial infarction (MI)
conditions (C and D) conditions. E-H: 1D SDS-PAGE hard-corona protein profile for
patches incubated in immunodeficient C57 (SCID Beige) mice, under healthy heart (E and
F) and MI (G and H) conditions. Each gel image shows the protein corona information of
the patches grafted on myocardial (left) and subcutaneous muscle (right) tissues. The
molecular weights (KDa) of the proteins in the standard ladder are reported on the left for
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reference. B, D, F, and H: Histograms demonstrating the total band intensity of proteins
recovered from various corona patches in A, C, E, and G, respectively.
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Biological Process Pvalue

response to reactive oxygen species 8.00E-04
oxidation reduction 8.07E-04
cell redox homeostasis 0.002359
cell proliferation 0.002789
response to oxidative stress 0.004588
response to inorganic substance 0.005116
cellular homeostasis 0.006994
cellular response to hydrogen peroxide 0.014045
hydrogen peroxide catabolic process 0.014045
cellular response to reactive oxygen species 0.020997

C [ Most changed biological processes (Heart vs. subcutaneous muscle)

Biological Process Pvalue
response to wounding 6.22E-05
response to hydrogen peroxide 0.001099
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Figure5.
Heatmap data visualization of spectral counts of the associated proteins in corona

composition obtained from different /n vivo conditions: A: showing the total spec count
ranking obtained by global normalization; and B: demonstrating expression ranking of
normalized individual proteins which associated in corona composition of each /in vivo
condition. C: tables listing P values of top 10 significantly changed biological processes
between (a) SCID vs. wild type, (b) MI vs, sham, and (c) heart vs. subcutaneous muscle,
ranked by P value.
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Figure 6.

Evaluation of cells interaction with protein corona-patch following 24 hours of culture /n
vitro. Human umbilical vein endothelial cells (HUVECSs) were plated onto collagen patches
that were previously incubated in different /n7 vivo conditions for 2 hours. HUVECs were
also cultured on 2D substrate, and on 3D collagen patches, without protein corona, as
controls. A: SEM images show HUVECs seeded onto the collagen patches incubated in i)
Sham-heart, ii) Sham-muscle, iii) Ml-heart, and iv) MI-muscle tissues. Remarkable
differences were observed in the patch fibrillar ultrastructure, protein corona formation, and
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cell number/attachment. B: AlamarBlue assay demonstrated significantly different HUVEC
viability/metabolism under varying conditions (P<0.05). *: significantly different compared
to the 3D culture control (P<0.05). The differences in the means (x SEM) were tested using
ANOVA to check for statistical significance (P < 0.05). C: the 63-plex Luminex
Immunoassay of human cytokines detected significant differences in the production of
multiple cytokines in the supernatant of HUVECs, after 24 hours of culture /n vitro. Patch
without cells was used to establish background signal in the assay; values smaller or not
significantly greater than background were considered as negative. In all positively detected
cytokines, those with levels significantly changed more than 2 folds between conditions are
summarized in panels a-d.
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